NODAL, a morphogen belonging to the transforming growth factor beta (TGFb) superfamily, is essential during embryogenesis where it induces axis formation and left-right asymmetry. NODAL is also required for the maintenance of human embryonic stem cell pluripotency, and emerges in many cancer types concomitant with metastasis and therapy resistance. Several enhancer elements have been shown to regulate mouse Nodal expression and studies have delineated mechanisms by which mRNA splicing and translation of NODAL homologues are regulated in model organisms.
Abstract:
NODAL, a morphogen belonging to the transforming growth factor beta (TGFb) superfamily, is essential during embryogenesis where it induces axis formation and left-right asymmetry. NODAL is also required for the maintenance of human embryonic stem cell pluripotency, and emerges in many cancer types concomitant with metastasis and therapy resistance. Several enhancer elements have been shown to regulate mouse Nodal expression and studies have delineated mechanisms by which mRNA splicing and translation of NODAL homologues are regulated in model organisms.
However, little is known regarding the co-transcriptional and post-transcriptional processing of human NODAL. Herein, we describe hitherto unreported RNAs which are transcribed from the NODAL locus, including an antisense transcript, a circular transcript, and multiple splice variants.
These transcripts demonstrate the complexity of NODAL expression and highlight the need to consider each NODAL variant when attempting to quantify or target this morphogen.
Introduction:
The transforming growth factor-beta (TGF-β) superfamily member nodal growth differentiation factor (human gene symbol: NODAL, NCBI gene ID: 4838) plays essential roles in early embryonic development and is reactivated in cancers. Nodal is aptly named after its discovery in the mouse node in gastrula-stage embryos 1 . Nodal has been well studied in numerous vertebrate embryos and in vitro models of early development [2] [3] [4] [5] . These studies have shown that Nodal promotes epiblast expansion and maintenance in blastocyst stage embryos 6 , directs the specification of the distal visceral endoderm (DVE) after implantation 7 , establishes the proximaldistal 8 and anterior-posterior 8, 9 axes, influences mesendoderm differentiation during gastrulation (reviewed in 5 ) , and establishes left-right asymmetry 10 11-13 .
Owing to practical and ethical limitations concerning research on human embryos, human-specific study of NODAL biology has generally been limited to cultured human embryonic stem (hES) cells
where NODAL helps maintain pluripotency 14 , and blocks differentiation toward neuroectoderm lineages 15 . In addition, active SMAD2/3 downstream of NODAL (and other TGF-βs) also mediates cell fate decisions during mesendoderm differentiation [16] [17] [18] [19] .
NODAL expression in cancer was first identified by Postovit and Topczewska and colleagues in the aggressive C8161 human melanoma cell line 20 . These cells were able to induce ectopic outgrowths or a complete secondary axis after injection into zebrafish embryos at the blastocyst stage and NODAL was identified as the primary factor responsible for this induction. Since this pioneering discovery, NODAL has been shown to affect numerous tumour phenotypes in experimental models of several human cancers including cancers of the breast [21] [22] [23] [24] [25] , prostate 26, 27 , ovary 28, 29 , and pancreas 30 , as well as glioma 31, 32 , glioblastoma 33 , endometrial cancer 34 , hepatocellular carcinoma 35 , and choriocarcinoma 24, 36, 37 . In these models, NODAL is generally pro-tumourigenic and impacts numerous processes including proliferation and apoptosis, migration and invasion, epithelial-to-mesenchymal transition (EMT), angiogenesis, and metastasis (reviewed in 4 ).
There is also strong correlative evidence of a link between high NODAL expression and poor clinical outcome in numerous cancers. For example, in a study of over 400 breast cancer patients, NODAL protein levels correlated positively with tumour stage and grade, independently of estrogen receptor/progesterone receptor (ER/PR) or HER2 status 38 . Moreover, a recent metaanalysis of NODAL expression in human cancers originating from 11 different tissues and including more than 800 patients revealed significantly higher NODAL expression in cancerous tissue relative to healthy control tissue 39 .
While transcriptional regulation of Nodal has been extensively studied in the mouse, and many enhancers have been identified 10, [40] [41] [42] [43] [44] [45] [46] [47] [48] , little is known regarding the co-transcriptional and posttranscriptional processing of NODAL transcripts. We recently reported how such regulation is relevant in our discovery of a genetically regulated alternatively spliced NODAL transcript in human pluripotent stem cells 49 . This discovery, along with a previous report of inconsistent detection of NODAL transcripts when probing different exons 50 , prompted us to perform a comprehensive quantitative analysis of human NODAL transcripts across human cell lines commonly employed to model NODAL biology. Herein, we describe multiple novel RNAs transcribed from the NODAL locus, including an antisense transcript, a circular transcript, and multiple splice variants. These RNAs can confound the interpretation of expression studies, particularly given variable levels of NODAL expression that can occur in response to different culture conditions.
Results:
Several studies have suggested that NODAL is essential for the maintenance of pluripotency in hES cells and a large-scale study demonstrated that NODAL and NANOG expression were highly correlated across numerous hES cell lines 51 . However, few have thoroughly examined endogenous NODAL expression in response to various culture conditions. In our first attempts to use droplet digital PCR (ddPCR) assays for absolute quantification of NODAL in human embryonic stem cells, we made the surprising discovery that NODAL expression levels can vary dramatically in H9 hES cells. For example, one pair of samples differed in total NODAL transcript by over 3,000-fold, with only 26 copies of total NODAL transcript detected for the low-expressing sample in cDNA from 100 ng of total RNA (Fig. 1a,b) .
To experimentally investigate possible factors that may influence NODAL transcript levels, we focused on cell culture media, as either defined media such as mTESR-1, or media conditioned by mouse embryonic fibroblasts (MEFs), are regularly employed in the maintenance of hES cells. H9
hES cells adapted for culture in defined conditions (mTESR-1) expressed low levels of total NODAL transcript, but displayed markedly increased NODAL transcript levels after being switched to MEF-conditioned media (MEF-CM) for only several days (Fig. 1c) . The reciprocal effect was also observed: when cells continually passaged in MEF-CM were returned to defined conditions, NODAL levels decreased by approximately the same factor as it had increased previously ( Fig. 1c) . Notably, cells under both conditions expressed similar levels of markers of pluripotency ( Fig. 1d ) and had morphologies typical of pluripotent stem cells (Fig. 1e) . Hence, NODAL levels seem to fluctuate even when pluripotency is maintained.
We next sought to examine the exact composition of NODAL transcripts in human embryonic stem cells. We recently reported that a single nucleotide polymorphism (SNP) modulates a novel alternative splicing event for human NODAL in hES cells 49 . Specifically, the minor allele of SNP rs2231947 in NODAL's second intron contributes to splicing of a 116-base pair cassette alternative exon (Fig. 2 ). This splicing event was associated with both the sex of hES cell lines, as well as XIST RNA levels in female hES cell lines, but transcripts containing the alternatively spliced exon have yet to be fully characterized. Like total NODAL levels, the proportion of NODAL transcripts containing the alternative exon was also variable between sub cultures, and was higher in cells cultured in defined media relative to MEF-CM ( Supplementary Fig. S1 ). For the remainder of this study, we aimed to always (when possible) distinguish the constitutively spliced (canonical) NODAL isoform from the newly discovered alternatively spliced NODAL variant isoform.
We first used rapid amplification of cDNA ends (RACE) to determine both the 5' and 3' termini. S2 ). Two of these products revealed 5' ends within the first exon of NODAL, but likely resulted from incompletely reverse-transcribed RNA. Interestingly, a third band revealed utilization of a novel upstream first exon spliced directly to exon 2. Subsequent analysis with RNA ligase mediated (RLM) 5' RACE specific for capped mRNA ends confirmed a single major product for NODAL transcripts corresponding to transcriptional start at position -14 ( Fig. 3a) . A true 5' end was also confirmed within the alternative upstream first exon using a separate primer set ( Supplementary Fig. S2 ). However, it was not possible to specifically assess whether constitutively or alternative spliced NODAL isoforms contributed to any given 5' end using the RLM method. (Fig. 3c ). These two motifs are the most commonly utilized for polyadenylation of human transcripts 53 , although other less-frequently utilized putative PASs were also found in the annotated 3' UTR. 3' RACE for total NODAL transcript revealed roughly equal utilization of either a more proximal AUUAAA site, or a more distal AAUAAA site (Fig. 3b) . NODAL variant transcripts also utilized the same polyadenylation sites, but in a manner highly skewed toward the distal site (Fig. 3d ).
We were next interested in comparing the performance of assays targeting different regions of the NODAL transcript. Since ddPCR is absolutely quantitative, it permitted direct comparison of the abundance of different targets and was selected as our PCR platform. For the same "high NODAL" sample from Fig. 1 , the number of transcripts detected did not differ substantially when targeting different regions of the transcript: There was less than a 1.5-fold difference seen when targeting the exon 2 -exon 3 junction, exon 1 -exon 2 junction, or exon 2 only (Fig. 4a ). However, for the "low NODAL" H9 sample, signal was much higher when probing exon 2 only, relative to either of the exon junctions (Fig. 4a ). "No reverse transcription" controls demonstrated this signal was specific to RNA and did not result from genomic DNA or other DNA contamination ( Supplementary Fig. S3 ). The lack of increased signal within exon 2 for the "high NODAL"
sample suggests that exon 2 is not more efficiently reverse transcribed, but instead that additional transcript(s) sharing sequence with exon 2 may exist. Unless co-regulated, these would make a higher relative contribution to total signal when NODAL levels are low. A survey of human RNAs from Genbank 54 revealed AK001176 as a candidate transcript that completely encompasses exon 2 of NODAL (Fig. 4b ). We developed a ddPCR assay specific to AK001176 unable to detect spliced full-length NODAL and found that polyadenylated AK001176 was expressed in hES cells ( S4 ). Interestingly, AK001176 was also alternatively polyadenylated and contains an open reading frame that may code for a protein ( Supplementary Fig. S4 ).
We were also interested in testing for the potential presence of other transcripts containing exon 2 sequence and discovered that NODAL exon 2 was an excellent candidate to form a circular RNA.
Circular RNA occurs when the 5' splice donor site of an intron forms a "back splice" with an upstream 3' splice acceptor site of the same or other exons in the transcript 55 . Relative to splice sites in general, it has been shown that circular RNA splice sites are more likely to be flanked by upstream and downstream intronic Alu repeat elements and that these genomic elements are more likely to be in opposite orientations. Single circularized exons were also found to be formed from some of the longest of all human exons, with an average length of 690 nucleotides 55 . In addition to constitutive exon 2 of NODAL being an extremely long exon (698 nucleotides), there are two pairs of Alu repeats in opposite orientations in the intronic sequences flanking NODAL exon 2 ( Fig. 4d) . We used divergent PCR to determine if a circular RNA was present and detected a single circular RNA product formed by back splicing of exon 2 of NODAL (Fig. 4e) .
Having now detected novel antisense and circular transcripts in addition to our previous discovery of an alternatively spliced transcript, we were motivated to profile all of these NODAL locus RNAs across several human cell lines that have been used to model NODAL biology. To this end, we assembled a panel that included breast cancer cell lines (both Estrogen Receptor positive and negative), where NODAL has been extensively modelled [22] [23] [24] 56 , the C8161 melanoma cell line where NODAL was first characterized in cancer 20 , HEK 293 cells of embryonic origin, and H9
hES cells (cultured in MEF-CM). All regions of full-length NODAL and all of the newly discovered transcripts were profiled in parallel using ddPCR. For all cancer cell lines assayed, extremely low (or undetectable) levels of NODAL transcript (≤ 2 copies per 100 ng total RNA input) were detected using assays spanning either exon-exon boundary. In contrast, signal detected within exon 2 ranged from 316 to 1,786 copies of transcript per 100 ng total RNA input (Fig. 5 ).
However, this assay is not specific for full-length NODAL and also detects the AK001176 NAT.
Indeed, very similar levels of transcript were detected for AK001176 and the NODAL exon 2 assay across all cancer cell lines. Specifically, the maximum ratio of NODAL exon 2 signal to AK001176 signal among cancer cell lines was 1.6-to-1, with an average of 1.4-to-1. These two signals were also highly correlated, with variability in AK001176 signal explaining 96% of the variability in exon 2 signal among cancer cell lines (Fig. 5b) . Similar levels of AK001176 transcript were detected between H9 hES and cancer cells, while the circular NODAL RNA was detected only in H9 hES cells. Collectively, these results suggest that bulk cancer cell lines express very little processed (spliced) NODAL transcript, and that use of assays confined to exon 2 is inappropriate for the detection of full-length NODAL, owing to consistent expression of a NODAL NAT containing sequence identical to the entirety of NODAL exon 2.
Discussion:
In this work, we have characterized and quantified both known and novel transcript isoforms expressed from the human NODAL locus in cell lines where this gene is commonly studied.
Specifically, in addition to a previously identified genetically-regulated splice variant 49 , we detected an alternative transcriptional start site and first exon upstream of constitutive exon 1, alternative polyadenylation site usage, a circular RNA formed by back-splicing of exon 2, and a natural antisense transcript encompassing the exon 2 locus. Collectively, these results point to complex regulation of NODAL gene expression at the RNA level. The discoveries reported here should be used to refine assay design for more specific and accurate NODAL detection, and to improve strategies designed to experimentally (and potentially therapeutically) target NODAL.
We also characterized multiple aspects of the full-length NODAL transcripts, discovering fairly uniform short 5' UTR usage (although a rare alternative 5' UTR was also detected), and alternative polyadenylation at two PAS sites in the 3' UTR. These aspects of NODAL processing present interesting opportunities to advance understanding of NODAL regulation, as both alternative transcriptional start site (TSS) utilization as marked by the 5' UTR, and alternative polyadenylation (APA) marked by the 3' UTR can influence mRNA dynamics including translation [57] [58] [59] . Furthermore, global changes in 3' UTR length resulting from APA occur in both early embryonic development [60] [61] [62] and in oncogenesis [63] [64] [65] -both highly relevant cell contexts for NODAL.
The apparent enrichment of an alternative first exon and skewed polyadenylation site usage for the NODAL variant relative to constitutively spliced NODAL suggests there may be coordinated regulation of the NODAL variant transcript that extends beyond the splice donor site formed by the rs2231947 T allele in cis ( Fig. 2 and Fig. 3 ). However, this apparent enrichment may also result from technical issues such as differential reverse transcription efficiencies of distinct transcripts.
The apparent coordination with polyadenylation is interesting given that a link between alternative polyadenylation and alternative splicing has been described, but only for 3' terminal exon selection and intronic polyadenylation sites 66, 67 .
The ability to quantitatively profile expression levels of all NODAL locus RNAs was enhanced by ddPCR. As an absolutely quantitative method, resultant transcript levels are not influenced by PCR efficiencies or dependent on the use of standard curves. Furthermore, duplexed ddPCR assays were used to easily distinguish constitutively spliced NODAL transcripts from those containing the alternative cassette exon (Supplementary Fig. S1 ).
Our finding that NODAL transcripts were not consistently highly expressed in hES cells was surprising given that NODAL signalling is generally thought to be essential for hES cell pluripotency 14, 17 and consistently high NODAL expression has been reported for this cell type 51 .
Our "low NODAL" cells maintained typical pluripotent stem cell morphology and expression of markers of pluripotency (Fig. 1e) . It is possible that low NODAL levels are indicative of suboptimal cultures poised for (or already undergoing) early differentiation. In addition to the unexpectedly low levels of NODAL transcript sometimes observed in hES cells, we also made the surprising discovery of especially low NODAL expression at the transcript level across numerous human cancer cell lines. The extremely low levels and often absence of any NODAL transcript reported here for cell lines such as C8161 aggressive melanoma and MDA-MB-231 triple-negative breast cancer are inconsistent with functional studies in these cell lines where NODAL knockdown, mediated through either RNA interference 22, 25 , or inhibition of endogenously expressed protein 73 resulted in profound phenotypic effects. Notably, NODAL mRNA expression was not assessed in these papers, so it is difficult to tell whether the detectable and functionally relevant levels of NODAL protein reported in these studies were expressed from cells with considerably higher NODAL mRNA levels. There are several possibilities for this apparent discrepancy. First, it is possible that NODAL mRNA is preferentially stabilized or translated, generating high levels of protein from a limited transcript pool. Second, it is possible that a technical issue such as NODAL-specific extremely inefficient reverse transcription limits the detection of transcript, although it is especially important to emphasize that high levels of NODAL transcript were routinely detected in hES cell samples analyzed in parallel. Third, it is possible that NODAL mRNA steady state levels are highly heterogeneous between subcultures of cancer cell lines or that this transcript is only present in a very rare subpopulation (for example cancer stem cells) such that the levels are diluted in bulk cultures. Finally, in zebrafish, mRNA of the maternal Nodal homolog sqt is prevalent as unspliced pre-mRNA [74] [75] [76] . It is possible that cancer cells similarly retain NODAL mRNAs in this unprocessed state, which would not be detectable using primers spanning introns. Regardless, the quantitative profiling performed here certainly helps explain some of the previously reported challenges associated with detection and modelling of NODAL in human cell lines 50 .
Consistent with our findings, at least one other group has reported undetectable NODAL transcript levels in MDA-MB-231 cells when using a real time PCR assay spanning an exon-exon boundary 47 . One other study has directly compared NODAL expression levels between two cancer cell lines and hES cells with multiple assays, although this analysis was conducted using semi-quantitative end-point PCR 50 . For the C8161 cell line, an assay crossing the exon 2 -exon 3 boundary resulted in a low intensity band. In contrast, an assay internal to exon 2 yielded a band of much higher intensity. This result is consistent with those presented here, which revealed that this higher signal may at least partially result from confounded detection of the AK001176 NAT sharing sequence with exon 2 of NODAL. The increased signal from assays internal to exon 2 is likely not the result of higher reverse transcription efficiency in this region of the transcript since signal was fairly uniform across all regions of the transcript in an H9 sample with high NODAL expression. A major conclusion of this work is that assays targeting only exon 2 of NODAL are not specific to fulllength spliced NODAL transcripts and are thus inappropriate for NODAL transcript detection.
Unfortunately, such assays have already been widely employed when assessing NODAL mRNA levels (e.g. 22, 26, 30, 50, 56, [77] [78] [79] [80] ). Going forward, it is highly recommended that specific assays for the antisense transcript, circular RNA, and NODAL splice variants be employed to untangle the contributions of each transcript to any overall change in expression measured by the assays internal to exon 2, as conducted in Fig. 5 . As an example, it will be interesting for future studies to explore whether these three transcripts show similar responses to altered microenvironments.
In conclusion, we believe the NODAL locus is an interesting example of the capacity the cell has for complex RNA transcription and processing. There is reason to believe that NODAL is more the rule than the exception in this regard, as genome-wide analyses of processes such as alternative splicing and alternative polyadenylation have revealed multiple transcripts for the vast majority of protein coding genes [81] [82] [83] [84] . Still, the full-length nature and functional consequences of many alternatively processed transcripts are only beginning to be appreciated on a genome wide scale 85 .
Of course, the alternative processing of RNAs has major impacts on either the sequence or levels of resulting protein, which in turn affect cellular function and phenotypes. In order to advance our general understanding of gene expression and function, we must move beyond the simple conceptualization of a single RNA corresponding to each gene, and fully explore the staggeringly complex intracellular world at the RNA level.
Methods:

Web logos
Sequence logos in Figure 2 were created using WebLogo version 2.8.2
(http://weblogo.berkeley.edu/ and 86, 87 ).
Microscopy
Pictures of H9 hES cells in different media were taken using EVOS FL Cell Imaging System 
RNA extraction
Total RNA was isolated from cultured cells using the PerfectPure RNA Cultured Cell Kit (5-Prime; Hilden, Germany) or the RNeasy mini kit (Qiagen; Hilden, Germany), including on-column
DNase treatment, and quantified with the Epoch plate reader (Biotek; Winooski, Vermont, USA).
cDNA synthesis (for non-RACE analyses)
Total RNA was reverse transcribed with the high capacity cDNA reverse transcription kit (Applied 
Droplet digital PCR (ddPCR)
ddPCR for total NODAL was conducted using Taqman primer probe assays Hs00415443_m1
(exon 1 -exon 2), Hs00250630_s1 (exon 2 only), or Hs01086749_m1 (exon 2 -exon 3) (Applied Biosystems). Where not indicated, Hs00415443_m1 (exon 1 -exon 2) was used for detection of total NODAL transcript.
The following primers and probes were used for duplexed detection of NODAL splice variants, with fluorophores, internal quenchers, and terminal quenchers flanked by forward slashes. 89 .
NODAL dual F: GACCAACCATGCATACATC
For detection of the NODAL NAT transcript, the following primers and probe were used: 
5) 98°C 10 min
For all other ddPCR assays, the following cycling conditions were used:
1) 95° C 10 min
2) 94°C 30 sec
3) 55°C 1 min. Return to step 2 for 40 total cycles.
Real time PCR
Real time PCR was performed using Taqman gene expression master mix (Applied Biosystems) and Taqman gene expression assays for POU5F1 (also known as OCT4) (Hs04260367_gH), NANOG (Hs04260366_g1), SOX2 (Hs01053049_s1), RPLP0 (4333761), and TBP (Hs99999910_m1). Expression was normalized to both RPLP0 and TBP using the ∆∆Ct method.
RNA ligase mediated (RLM) 5' RACE
RLM 5' RACE was performed with the FirstChoice RLM-RACE kit (Ambion) according to manufacturer's instructions. 10 µg of total RNA from H1 or H9 hES cells was used. Reverse transcription was performed at 50°C for one hour using random decamers provided. No-TAP, no-RT, and no-template control reactions were included to ensure specificity of products obtained. Error bars indicate 95% confidence intervals of Poisson-calculated target copies.
